Printing quality is strongly influenced by the structural and chemical properties of paper surface, and is one of the most important factors concerning costumer's evaluation. Thus, all studies regarding the evaluation of paper surface characteristics, the effects of surface treatments, paper-ink interactions as well as the influence of all these parameters on printing quality, are of utmost importance.
INTRODUCTION
At present, there is an increasing demand concerning the quality of printing and writing paper grades (P&W). The performance of this commodity depends on the properties of the fibrous matrix and on the characteristics of the paper surface, which are influenced by the quality of the pulp fibers, the refining process, the chemicals added in the preparation of the furnish, the operations at the paper machine and the modifications of the paper surface [1] [2] [3] [4] . These modifications include calendering and/or chemical treatments such as coating and surface sizing 1; 3; 5; 6 . Today, chemical modifications of paper surface for improving printing quality is a common practice in papermaking and, as a consequence, there is a large increase in the production of new chemicals that meet specific end-use paper requirements.
For surface sizing, cationic starch alone or a mixture of cationic starch and a synthetic polymer are used to control the hydrophilic character of paper surface, preventing excessive absorption of liquids and inks 1; 3 . As depicted in Figure 1 , a thin reticular matrix film is formed at paper surface. This film reduces the number and size of pores as well as paper roughness, and modifies paper surface energy, so that not only liquid penetration but also liquid spreading is attenuated 1; 3; 5 . Surface sizing is affected by the sizing formulation properties (composition, viscosity, pH, temperature) as well as the paper properties (basis weight, bulk, internal sizing, water content and surface energy, porosity and roughness) 4; 6; 7 . However, these properties must be adequately controlled in order to avoid too much penetration of the surface sizing agent in the sheet structure. For selecting the most appropriate surface sizing agent for a specific paper it is essential to test its performance at lab scale. On one hand, parameters of the surface sized paper, like energy, porosity and roughness, which largely influence ink spreading, penetration and drying, have to be determined. On the other hand, it is crucial to evaluate the effect of surface sizing on printing quality. With this regard, and although the customer perception is still important, it is necessary to use more objective procedures to access printing quality. In this context, optical density, raggedness, sharpness, mottling, bleeding, line and dot quality and Gamut area are some of the relevant properties that should be taken into account when printing processes that involve low viscosity fluids are used, as ink-jet printing, whose inks are usually water based 1; 5; 7; 8 .
Many studies can be found in the open literature concerning paper coating and the characterization of paper surface, both in physical and chemical terms [8] [9] [10] [11] . However, not many studies have been performed and published regarding surface sizing of fine papers and the information related to the parameters that should be measured in order to evaluate inkjet printing quality is scarce.
This study is part of a comprehensive work aiming at understanding the mechanisms that rule surface sizing of P&W paper grades, its interactions with paper surface and its influence on the end-use paper properties. Specifically, the objective of this study is to evaluate the influence of different surface sizing treatments on printing properties and to validate a restricted set of parameters for an adequate assessment of printing quality. It should be mentioned that this is a pioneer work as far as surface sizing of eucalyptus pulps based papers is concerned. Besides, the use of synthetic polymers for surface sizing in industry is still very limited and there is no general agreement on which printing parameters should be considered for inkjet printing quality evaluation.
EXPERIMENTAL METHODS
A calendered commercial uncoated base paper (80 g/m 2 ) produced with a Eucalyptus globulus kraft pulp without any surface treatment (S0) was surface sized with cationic starch (S1), with a blend of cationic starch and co-styrene-maleic anhydride (S2) and with another blend of cationic starch and costyrene-acrylate (S3), as described in Table I . These surface sized samples were no further calendered. The surface sizing formulations were applied using a Mathis laboratory coating device, SVA-IR-B, which operates automatically with different velocities of the applicator roll ( Figure 2) . A 0.15 mm roll was used and its velocity was adjusted to 6 m/min.
The drying process was performed in two steps: using an IR drier coupled to the applicator roll (1.0 kW drying intensity) followed by air drying for at least 10 min. The total surface sizing pick-up was 3.5 ± 0.3 g/m 2 .
Figure 2.
Coating equipment used in the production of the surface sized samples.
A schematic representation of the copolymers used in this work, computed using the software ChemSketch, is presented in Figure 3 12 . The Styrene copolymers were selected due to their different hydrophobic character (Maleic anhydride is more hydrophobic than Acrylate). Some properties of the compounds used in this work were
determined in laboratory and the results are presented in Table II . The monomers proportion of each copolymer was calculated based on elemental analysis measurements. For evaluating the impact of surface sizing on paper surface properties and inkjet printability, contact angle measurements were performed with the DataPhysics equipment OCA20, using the sessile drop method 13 . However, and since the results of the contact angle measurements depend upon the samples surface topography, namely paper roughness, preliminary 3D topographical measurements were carried out for the four samples, using the AltiMet perfilometer Altisurf 500 coupled with the PaperMap software. For each sample, specimens of 4 × 4 mm 2 were scanned. From the 2000 profiles obtained for each specimen the following parameters were computed: average roughness (Sa, µm), defined as the arithmetic average of the absolute values of the surface height deviations measured from the best fitting plane; maximum peak height (Sp, µm) and maximum valley depth (Sv, µm), both measured relatively to the mean plane; and the interfacial area ratio (Sdr, %), which indicates the complexity of the curvelinear surface compared to the support surface 14 . In this study, the influence of topography on the contact angle measurements was accounted for by using the Wenzel correction [15] [16] [17] [18] :
where θ is the measured contact angle, θ' is the corrected contact angle and R is the topographical correction factor given by:
In order to analyze the interaction between paper surface and inkjet ink, static and dynamic contact angles with black inkjet ink (drops of 7 µl) were measured. Additionally, and since inkjet inks are water based (the usual inkjet inks composition is 65% water, 30% humectant, 2-5 % dye or pigment and 2-5 % surfactants and additives 19 ), both static and dynamic contact angles using water drops (10 µl) were also measured. In fact, dynamic contact angles give relevant information on the way liquids spread and/or absorbed at the paper surface, whereas the static contact angle measurements is used to assess the initial paper wetting. In the latter, the resting drop image immediately after application of the liquid (< 3 s) was captured using a CCD camera and the corresponding contact angle was computed using the Laplace-Young method 20; 21 . For each sample, an average of 10 measurements was considered. As for the evolution of the contact angle with time, successive images of the ink or water drops were captured during five minutes and the corresponding contact angle, drop volume and drop base diameter were calculated using the Ellipse fitting method 20 . At least three measurements were carried out for each sample and one of them was randomly selected for further analysis. The wetting velocity was then derived from the contact angle values after 5 and 60 seconds (θ 5 and θ 60 respectively), according to the Tappi standard T458 om-89 22 :
The absorption and spreading coefficients were computed by using the drop volume and base diameter, respectively, at several time intervals, according to following equations:
where V and d are the drop volume and the drop base diameter, respectively, and the subscripts i and f stand for the initial and final values (after a given time interval).
Additionally to the measurement of the static water contact angle, other liquid probes with known surface tension were tested for each sample, in order to derive the total solid surface energy and its dispersive and polar components, valuable parameters to better understand paper-ink interactions. The
OWRK method was applied in these calculations. The theory behind this method and the surface tension values of the liquid probes used are detailed elsewhere 23 .
To complement these results, inkjet printing quality was evaluated by measuring optical density, gamut area and some line and dot quality parameters in a specified mask printed on the paper samples.
These properties were chosen because the optical density and gamut area are well correlated with the end users perception, whereas the line and dot quality parameters are commonly used in many paper mills for evaluating printing quality.
As expressed in Equation 4
, optical density (D) is given by the relation between the intensity of the light reflected from a paper sheet before and after printing, I i and I f respectively (a higher value of optical density means less ink penetration) 24 . Optical density measurements were performed using the spectrophotometer Gretag D19C.
Gamut area, which corresponds to the range of reproducible colours, is the area of the hexagon whose vertices correspond to the pairs (a*, b*), where a* and b* are the CIE Lab colour coordinates obtained for each colour (cyan, yellow, magenta, green, blue and red) and plotted as depicted in Figure 4 24; 25 . In this work, the colour coordinates were assessed by using the Datacolor spectrophotometer, Mercury 3000. As for the line quality, line width, raggedness (a measure of the contour irregularity), blurriness (a measure of the sharpness of the outline between the printed and non printed areas) and inter-colour bleed (a measure of the mixture between two adjacent colours) were evaluated. Dot quality was assessed by quantifying dot gain and circularity. All line and dot quality measurements were performed in the QEA portable digital microscope, Personal Image Analysis System (PIAS).
RESULTS AND DISCUSION
The results of the 3D topographical parameters are presented in Table 3 . Sa -average roughness; Sp -maximum peak height; Sv -maximum valley depth; Sdr -interfacial area ratio. From these values it is possible to see that all samples exhibit a similar surface topography, although samples S0 and S1 show slightly higher roughness values, especially with regard to the interfacial area ratio (Sdr). In spite of the small differences on the topographical parameters, the Wenzel correction was applied to the average of the measured contact angle values, and the results are listed in Table 4 . Table 4 . Static contact angle values, measured and corrected using Wenzel's correction (Equation (1) and (2)), for water and black ink. Comparing the contact angle values before and after correction, no significant differences are noticed for samples S0, S2 and S3, whereas for sample S1 the contact angle increases by approximately 30%, as a consequence of the larger value of Sdr. Thus, it may be concluded that the quite considerable differences between the contact angles of the various samples are most definitely a result of the differences on the surface chemistry and surface size treatment.
Measured values(º) Corrected values(º)
From Table 4 it is also evident the extremely large contact angle values (> 90º) obtained for the unsized sample (S0), indicating its excessively high hydrophobic character, consequence of the high degree of internal sizing. It should be stressed, however, that this is a factor we can not control since the base paper was industrially produced. Similar results for water contact angle measurements of commercial office papers were obtained also by other authors 26 . All the other samples exhibit contact angles inferior to 90º for both water and black ink, being those corresponding to the sample surface sized only with cationic starch (sample S1) much smaller than those of samples S2 and S3, which contain copolymers in the sizing formulation. This was to be expected since cationic starch increases the hydrophilic character of paper surface, whereas the synthetic sizing agents added to the starch, although representing only 20% (w/w) of the sizing formulation of samples S2 and S3, attenuate the starch's hydrophilic effect and lead to a considerable increment of the contact angles. On the other hand, the large values measured for sample S2 are well explained by the fact of the Maleic anhydride based copolymer being less hydrophilic than that of Acrylate.
From the comparison between the values obtained for water and black ink, it can be noticed that the former are in general superior to the latter. This is certainly related to the differences in the liquids surface tension (72 dynes/cm to the water and 30-60 dynes/cm to the ink 4 ).
The evolution of contact angle with time, normalized in relation to the initial contact angle, is plotted in Figures 5 and 6 , respectively for water and black ink. From Figure 5 it is clear that the samples possessing a higher affinity to water (S1 and S3) present, as expected, an abrupt diminution of the contact angle as a result of spreading and absorption phenomena.
Samples S0 and S2 display very close behaviors, exhibiting a much smaller and smoother contact angle decrease throughout time. This is caused by the stronger hydrophobic character of these samples (although, as shown in Table 4 , sample S0 possesses a contact angle larger than 90º thus delaying water wetting ). Although similar trends were observed from the results carried out with the black ink ( Figure   6 ), the profiles exhibit lower slopes, with sample S3 showing a stepwise behavior. This indicates that spreading and absorption is less pronounced for black ink drops than for water drops, which is expected considering the lower ink surface tension.
Figure 6. Black inkjet ink dynamic contact angles (normalized values in relation to the initial contact angle).
In order to quantify these phenomena, the values of the absorption and spreading coefficients, derived from Equations 4 and 5, respectively, together with the wetting velocities (Equation 3) are listed in Table 5 . Some difficulties were, however, experienced in accurately measuring the drops volume (poor reproducibility due to the wetting of the paper surface) of various samples, and so the corresponding absorption coefficients were not calculated. For the cases where both absorption and spreading coefficients are available, it can be noticed that the former are in general larger than the latter, for both water and black ink, confirming the predominance of the absorption phenomenon. Furthermore, the relative behavior of the spreading values as well as of the wetting velocities is also as expected (Table 4 and Figures 5 and 6 ) corresponding the smaller values to samples S0 and S2.
To complement this study, and since the contact angle technique also provides information on the surface free energy and its dispersive and polar components; these parameters were also calculated, being presented in Table 6 . From the analysis of this table, it can be concluded that the best performance of samples S0 and S2
seems to be related to the smaller value of their surface energy, being the difference between them a result of the larger polar component of sample S2. This is certainly caused by the surface sizing applied to this sample which allows adequate initial wetting while keeping a good dynamic behavior. This permits to anticipate a better inkjet printing performance of sample S2.
With regard to the printing quality parameters, the optical density and gamut area results are listed in Tables 7 and 8 , respectively. The optical density values corresponding to the black ink are, as expected, much higher than those of the other colours (50% higher). For this parameter, the differences between the paper samples are not so obvious. Nevertheless sample S2 presents, in general, slightly larger values, confirming that ink retention at paper surface is more pronounced, while sample S0 presents, in general, the smaller values,
indicating that in despite of the good behavior in the dynamic contact angle measurements, the excessive hydrophobic character tends to be prejudicial for printing as previously mentioned. The better performance of sample S2 is, however, more noticeable if the gamut area is considered (Table 8) : the highest value corresponds to sample S2, followed by samples S1, S3 and finally S0. As for line and dot printing quality, which reflect the image definition, the results are presented in Tables 9 and 10 . Table 10 . Dot printing quality parameters. The analysis of these results is more difficult than that of the previous ones. In fact, considering the targets for each parameter, it may be concluded that samples S0 and S1 have the poorest performances, however sample S2 does not present the most favorable values for all parameters. Such is the case of blurriness, inter colour bleed and dot circularity. For these parameters, the best results (smaller values) correspond to the samples with a more hydrophilic surface (S1 or S3), which means that blurriness, inter colour bleed and dot circularity are attenuated when ink absorption is more pronounced. Therefore, it is legitimate to conclude that a certain degree of hydrophilicity contributes to improve the printing definition. These results highlight the risk of analyzing the parameters individually/separately.
CONCLUSIONS
The contact angle measurement has proved to be a very useful tool to evaluate the influence of the sizing formulation on the printing properties. As a matter of fact, considerable differences were achieved between the values of the contact angles obtained for the various paper samples, even after correction for paper roughness. Moreover, the additional information about surface free energy and the corresponding dispersive and polar components was also found to be most valuable to explain differences in sample behavior. As expected, the unsized paper (sample S0) was found to exhibit a poor performance regarding printing properties (despite the apparently favorable variation profile of the contact angle with the time)
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as a consequence of the extremely high value of the initial contact angle, which delays ink absorption.
In relation to the paper sized only with cationic starch (sample S1), it was observed that the combination of starch and synthetic surface sizing agents resulted in a significant increase in contact angle, depending on the hydrophobic character of the sizing agent: higher values were measured for the samples including co-styrene-maleic anhydride (sample S2) than for those containing co-styreneacrylate (sample S3). The results concerning the contact angle evolution throughout time (dynamic contact angle) also attributed the best performance of the sized papers to sample S2. These findings were validated by the results obtained for optical density and gamut area measured in a printed mask.
Being these two parameters very much related to costumer's perception, it can be concluded that contact angle measurements represent an efficient method to assess paper printing behavior, with the advantage of being faster than many measurements of printing quality parameters.
However, and regarding line and dot quality (image definition parameters), it was found that a total hydrophobic character may also be detrimental in certain parameters, emphasizing that there are competing variables that must be taken into account. In fact, paper surface treatment must be performed in such a way that some surface hydrophilic character is kept, allowing surface wetting.
